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Abstract
Acute ozone exposure induces a classical stress response with elevated circulating stress hormones 
along with changes in glucose, protein and lipid metabolism in rats, with similar alterations in 
ozone-exposed humans. These stress-mediated changes over time have been linked to insulin 
resistance. We hypothesized that acute ozone-induced stress response and metabolic impairment 
would persist during subchronic episodic exposure and induce peripheral insulin resistance. Male 
Wistar Kyoto rats were exposed to air or 0.25 ppm or 1.00 ppm ozone, 5 h/day, 3 consecutive 
days/week (wk) for 13 wks. Pulmonary, metabolic, insulin signaling and stress endpoints were 
determined immediately after 13 wk or following a 1 wk recovery period (13 wk + 1 wk recovery). 
We show that episodic ozone exposure is associated with persistent pulmonary injury and 
inflammation, fasting hyperglycemia, glucose intolerance, as well as, elevated circulating 
adrenaline and cholesterol when measured at 13 wk, however, these responses were largely 
reversible following a 1 wk recovery. Moreover, the increases noted acutely after ozone exposure 
in non-esterified fatty acids and branched chain amino acid levels were not apparent following a 
subchronic exposure. Neither peripheral or tissue specific insulin resistance nor increased hepatic 
gluconeogenesis were present after subchronic ozone exposure. Instead, long-term ozone exposure 
lowered circulating insulin and severely impaired glucose-stimulated beta-cell insulin secretion. 
Thus, our findings in young-adult rats provide potential insights into epidemiological studies that 
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show a positive association between ozone exposures and type 1 diabetes. Ozone-induced beta-cell 
dysfunction may secondarily contribute to other tissue-specific metabolic alterations following 
chronic exposure due to impaired regulation of glucose, lipid, and protein metabolism.
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Ozone; Stress response; Metabolism; Insulin resistance; Pancreatic beta cells
1. Introduction
In 2011 the International Diabetes Federation reported that the diabetes epidemic affected 
366 million people worldwide, with 90% of the reported cases being classified as type 2 
diabetes (TIID). Most mitigation efforts of TIID have focused on conventional risk factors 
such as sedentary lifestyle, obesity, and high-fat/caloric diet. Recently, epidemiological 
studies have demonstrated a positive association between air pollutants and chronic 
metabolic conditions (Pearson et al., 2010; Liu et al., 2013; Thiering and Heinrich, 2015). 
For instance, one study showed an overlap of diabetes cases reported by the Center for 
Disease Control and Prevention, and high concentrations of particulate matter in the United 
States in 2004 and 2005 (Pearson et al., 2010). Likewise, several studies have shown a 
positive association between ozone exposure, insulin resistance, and exacerbation of pre-
existing metabolic conditions in the elderly (Stafoggia et al., 2010; Zanobetti and Schwartz, 
2011; Kim and Hong, 2012). Another epidemiology study demonstrated that ozone-
exposure in children was associated with increased incidence of type 1 diabetes (TID) 
(Hathout et al., 2006). The causality and thus, the underlying mechanisms for air pollutant-
induced metabolic effects are unclear.
Long-term ambient particulate matter exposures are linked to the onset of metabolic risk 
factors for TIID such as adipose inflammation, mitochondrial dysfunction, hepatic 
endoplasmic reticulum stress and insulin resistance in mouse models of obesity (Xu et al., 
2011; Mendez et al., 2013; Sun et al., 2013). It has been proposed that inhaled air pollutants 
may cause systemic insulin resistance by: 1) increased circulating proinflammatory 
cytokines and reactive byproducts, and/or 2) central nervous system (CNS) activation 
(Rajagopalan and Brook, 2012). While some air pollution studies have demonstrated 
systemic inflammation (Nurkiewicz et al., 2004; Finnerty et al., 2007; Mutlu et al., 2007; 
Niwa et al., 2008), many others show no increases in circulating cytokines (Campen et al., 
2006; Kooter et al., 2006; Montero et al., 2006; Gottipolu et al., 2009). Therefore, it is likely 
that air pollutants may act through alternative mechanisms such as the CNS to elicit 
peripheral metabolic effects.
In some studies exposure to particulate matter has been shown to cause CNS inflammation, 
oxidative stress, and endoplasmic reticulum stress in the hypothalamus and other regions 
that regulate the autonomic nervous system (ANS) (Mokoena et al., 2015; Block and 
Calderon-Garciduenas, 2009; Levesque et al., 2011; Liu et al., 2014). Dysfunction or 
chronic activation of the sympathetic nervous system (SNS) and the hypothalamic-pituitary-
adrenal (HPA)-axis have been implicated in hyperglycemia, obesity, β-cell dysfunction and 
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insulin resistance (Cai, 2013; Nosadini et al., 1983; Surwit and Schneider, 1993; Friedman et 
al., 1996; Delaunay et al., 1997; Bjorntorp et al., 1999; Rask et al., 2001). Likewise, 
persistent increases in stress hormones, such as adrenaline (epinephrine) and corticosterone 
are postulated to induce insulin resistance through increased circulating non-esterified free 
fatty acids (NEFAs) (Nonogaki, 2000). It is suggested that the continuous supply of NEFAs 
to the tissues could elevate intracellular ceramide and diacylglycerol levels, which can 
interfere with insulin signaling through increased IRS-1/2 serine phosphorylation and 
decreased AKT-mediated glucose uptake (Arner and Langin, 2014; Perry et al., 2014). 
However, a potential link between the neuronal stress response and insulin resistance has not 
been examined in air pollution studies.
We have recently reported that acute ozone exposure in rats induces a classical stress 
response characterized by increases in circulating stress hormones, glucose, NEFAs, and 
branched chain amino acids (BCAA), suggesting the involvement of the SNS and activation 
of the HPA axis (Miller et al., 2015). The increases in circulating lipid metabolites and stress 
hormones were also noted in humans after an acute ozone exposure (Miller et al., 2016a). 
Interestingly, adrenalectomy prior to ozone exposure resulted in diminution of not only 
metabolic but also pulmonary effects in rats (Miller et al., 2016b). However, no insulin 
resistance was observed during an acute ozone exposure in our rat or human studies. This is 
in contrast to a study conducted by Vella et al. (2015), who demonstrated muscle insulin 
resistance in rats after 16 h ozone exposure. It is not known if subchronic ozone exposure 
could lead to long-lasting elevations in circulating stress hormones and lipids or cause 
peripheral insulin resistance.
The objective of the present study was to examine if weekly episodic ozone exposure would 
lead to persistent non-reversible increases in stress hormones and metabolic alterations and 
cause insulin resistance in the liver and muscle tissues in rats. In this study rats were exposed 
episodically to ozone 5 h/day × 3 consecutive days/week (wk) × 13 wks. Clinical tests for 
glucose tolerance and insulin resistance as well as secretion were performed intermittently 
during exposure. Metabolic alterations, hormone levels, lung injury/inflammation, and 
peripheral insulin signaling were assessed immediately after the last exposure or following a 
1wk recovery period.
2. Materials and methods
2.1. Animals
Heathy male Wistar Kyoto (WKY) rats (250–300 g) were obtained from Charles River 
Laboratories Inc. (Raleigh, NC) at 10wks of age. All rats were housed 2/cage in 
polycarbonate cages in an isolated animal room maintained at 21 ± 1 °C, 50 ± 5% relative 
humidity and on a 12 h light/dark cycle. The US EPA NHEERL animal facility is approved 
by the Association for Assessment and Accreditation of Laboratory Animal Care 
(AAALAC). All animals received standard (5001) Purina pellet rat chow (Brentwood, MO) 
and water ad libitum unless otherwise stated. Animals were treated humanely and all efforts 
were made for alleviation of suffering. The US EPA NHEERL Animal Care and Use 
Committee approved the research protocol for this study.
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2.2. Ozone generation and animal exposures
Ozone was generated from oxygen by a silent arc discharge generator (OREC, Phoenix, AZ) 
and its entry into the Rochester style “Hinners” chambers was controlled by mass flow 
controllers. The chambers relative mean temperature was 23.3 °C (74 °F) and humidity was 
46%. Ozone concentrations were recorded continuously using the photometric API Model 
400 ozone analyzer (Teledyne Instruments, San Diego, CA). Animals underwent whole body 
exposure to 1) filtered air, 2) 0.25 ppm ozone, or 3) 1.0 ppm ozone for 5 h/day, 3 consecutive 
days/wk for 13 wks. Animals were divided into two cohorts: cohort 1 and cohort 2. For 
cohort 1, necropsies were performed immediately post final exposure (13 wk). For cohort 2, 
necropsies were performed after 1 wk recovery in their home cages following the 13 wk 
exposure (13 wk + 1 wk recovery) to determine if ozone effects were reversible (Fig. 1).
2.3. Intraperitoneal glucose tolerance test (GTT)
Prior to GTT, animals were fasted in air or ozone exposure chambers and during loading/
unloading, except for the recovery group where food was withheld for ~6 h. Baseline blood 
glucose levels were measured by pricking the tip of the tail using a sterile 25 gauge needle 
and using Bayer Contour Glucometer (Leverkusen, Germany). Animals were then injected 
intraperitoneally with pharmaceutical grade glucose solution (20% D-glucose; Sigma-
Aldrich, St. Louis. MI) at 2 g/10 ml/kg body weight. Glucose levels were measured at 30, 
60, 90, and 120 min post glucose injection as reported in our previous studies (Miller et al., 
2015, 2016b). GTT was conducted in cohort 1 animals during the 1st wk of exposure 
immediately following day 1 (1 wk-D1) or day 3 (1 wk-D3) of exposure, and during the 
12th wk. immediately following day 1 of exposure (12wk-D1). GTT was also performed in 
cohort 2 following 1wk recovery (Fig. 1).
2.4. Blood collection for insulin measurement during GTT
During GTT after the first day ozone exposure of week 12 (12 wk-D1), blood samples were 
collected from the lateral tail vein for insulin measurement before injecting glucose 
(baseline) and 30 min post glucose injection. Rats were placed in restraint tubes that were 
mounted on a lab bench device during blood collection. In order to reduce tube stress, rats 
were acclimatized for 5 min to restrainer tubes for 3 consecutive days prior to the start of the 
blood collection. The tails were warmed for 1 min using a damp warm cloth and wiped 
clean. A heparinized 20 gauge sterile needle was inserted into the tail vein, and after 
discarding the first two drops, ~200 μl of blood sample was collected into serum seperator 
tubes. Hemostasis was then achieved by pressure using clean sterile gauze. These samples 
were spun at 3500 ×g for 10 min, serum aliquots were separated, and stored at −80 °C until 
insulin analysis. For analysis of acute ozone exposure effects on glucose-mediated β-cell 
insulin secretion, a separate cohort of animals (cohort 3, not shown in Fig. 1) were exposed 
to air or 1.0 ppm ozone for 4 h. Immediately post exposure, ~50–100 μl blood samples were 
collected prior to and 30 min post glucose injection from the tail prick. These samples were 
spun and serum aliquots were stored at −80 °C for insulin measurement as stated above.
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2.5. Intraperitoneal insulin tolerance test (ITT)
Cohort 1 underwent ITT at wk 1, day 2 (1 wk-D2), and cohort 2 underwent ITT at wk 12, 
day 1 (12 wk-D1) (Fig. 1). Immediately following exposure, baseline glucose levels were 
measured from the tail prick as in the case of GTT. HumulinR (Lilly USA, LLC, 
Indianapolis, IN) was injected I.P. (1.0 IU diluted in 1 ml saline/kg body weight) and blood 
glucose was measured at 30, 60, 90 and 120 min post insulin injection in fasted rats (Fig. 1).
2.6. Intraperitoneal pyruvate tolerance test (PTT)
PTT was conducted in cohort 2 at 1 wk-D1, 13 wk-D1 and at 13 wk-D3 (Fig. 1). This 
procedure indirectly measures hepatic gluconeogenesis in conscious animals. As in the case 
with GTT and ITT, immediately following exposure, fasting baseline glucose levels were 
measured using a glucometer through a tail prick at baseline. Pharmaceutical grade sodium 
pyruvate (Sigma-Aldrich, St. Louis. MI) diluted in saline (1 g/2 ml/kg body weight) was 
then injected I.P. Blood glucose levels were measured at 30, 60, 90, and 120 min following 
injection of pyruvate (Fig. 1.).
2.7. Necropsy and sample collection
Cohort 1 animals were necropsied immediately following the 13 wk of exposure (13 wk), 
while cohort 2 animals were necropsied after a 1 wk recovery period (13 wk + 1 wk 
recovery) (Fig. 1). Half of the animals (n = 4–5) in each group were injected I.P. with 1.0 
IU/kg body weight of HumulinR to accelerate insulin-mediated glucose uptake through AKT 
phosphorylation 10–15 min prior to necropsy. Rats were euthanized with an I.P. injection of 
>200 mg/kg sodium pentobarbital (Fatal-Plus diluted 1:1 with saline; Vortech 
Pharmaceuticals, Ltd., Dearborn, MI). All animals in both groups were fasted 6 h prior to 
necropsy.
2.8. Blood collection, complete blood count (CBC), and tissue collection
When animals were completely non-responsive to hind paw pinch after Fetal-Plus injection, 
blood samples were collected through the abdominal aorta followed by exsanguination. CBC 
was performed from EDTA containing blood tubes using a Beckman-Coulter AcT blood 
analyzer (Beckman-Coulter Inc., Fullerton, CA). All blood tubes were then centrifuged at 
3500 rpm at 4 °C for 10 min. Plasma and serum samples were stored at −80 °C until further 
analysis. Hepatic and gracilis leg muscle tissues were collected, frozen in liquid nitrogen and 
stored at −80 °C for later assessment.
2.9. Bronchoalveolar lavage and bronchoalveolar lavage fluid (BALF) processing for 
pulmonary injury and inflammation assessment
The trachea was cannulated and then a suture was used to tie the left lung. The right lung 
was lavaged using Ca2+/Mg2+ free phosphate buffered saline (pH 7.4) equal to 28 ml/kg 
body weight (total lung capacity) × 0.6 (right lung is ~60% of total lung weight). Three in-
and-out washes were performed using the same aliquot of buffer and BALF was transfered 
to ice until processing. Aliquots of BALF were used to determine total cell counts with a Z1 
Coulter Counter (Coulter, Inc., Miami, FL) and cell differentials as described previously 
(Bass et al., 2013). Cell-free BALF aliquots were used to analyze total protein, albumin, γ-
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glutamyl transpeptidase (GGT) activity, and N-acetyl glucosaminidase (NAG) activity as 
described previously (Bass et al., 2013).
2.10. Serum and plasma analysis
The catecholamines, adrenaline and noradrenaline, in the EDTA plasma samples were 
measured using kits from Rocky Mountain Diagnostics (Colorado Springs, CO) per the 
manufacturer’s protocol. Serum corticosterone concentrations were analyzed employing an 
immunoassay kit from Arbor Assays (Ann Arbor, MI) per the manufacturer’s protocol. Total 
cholesterol and triglycerides were measured in serum samples using kits from TECO 
Diagnostics (Anaheim, CA), while high density lipoprotein (HDL) cholesterol and low 
density lipoprotein (LDL) cholesterol were measured using kits from Thermo Fisher 
Scientific, Inc. (Middletown, VA). All lipid kit protocols were modified for use on the 
Konelab Arena 30 system (Thermo LabSystems, Espoo, Finland). Serum NEFAs were 
measured by a coupled enzymatic reaction and the resultant hydrogen peroxide detection 
using a colorimetric probe as per the manufacturer’s protocol (Cell Biolabs, Inc., San Diego, 
CA). BCAA were measured in serum using an ELISA kit and protocol based on 
chemiluminescence detection (Abcam, Cambridge, MA). Insulin serum levels were detected 
using rat-specific chemiluminescence assay kit (Millipore, Billerica, MA) via 
manufacturer’s instructions. Serum levels of inflammatory cytokines were measured in 
selected groups of animals (13 wk; air and 1.00 ppm ozone groups) using rat-specific V-Plex 
Proinflammatory Panel 2 kit based on electrochemiluminescence detection (Meso Scale 
Discovery, Gaithersburg, MD) via manufacturer’s instructions.
2.11. Insulin signaling assessment in liver and muscle
Liver and muscle tissues from the 13 wk and 13 wk + 1 wk recovery groups were 
homogenized in lysis buffer containing protease and phosphatase inhibitors using a 
polytron-type homogenizer. Homogenates were centrifuged at 14,000 ×g at 4 °C for 10 min. 
The supernatants were analyzed for protein concentrations using Coomassie Plus protein 
assay kit (Pierce, Rockford, IL) and aliquots were stored at −80 °C for total and 
phosphoprotein assessment. Phosphorylated AKT (pAKT) and total AKT were analyzed 
using a rat-specific electrochemiluminescence assay (Meso Scale Discovery, Gaithersburg, 
MD) via manufacturer’s instructions. The pAKT level for each sample was normalized to 
total AKT and the relative fold change was calculated based on the air control for non-
insulin injected animals at their respective time point.
2.12. General statistics
Graph Pad Prism (6.0) was used for all data analysis. GTT, ITT, and PTT data were analyzed 
using a two-way repeated measure multivariate analysis of variance (MANOVA). Each of 
these time-dependent metabolic measures were also analyzed for area under the curve by the 
trapezoidal method. All other measurements had two independent variables (exposure and 
time) and therefore these parameters were analyzed by two way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test. Pairwise comparisons were performed 
on all data and the level of significance was set at p < 0.05.
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3. Results
3.1. Acute and subchronic episodic ozone exposure induces glucose intolerance without 
impacting insulin tolerance
GTT was conducted immediately following exposure at 1 wk-D1, 1 wk-D3, 12 wk-D1 and 
13 wk + 1 wk recovery to determine if ozone-induced glucose metabolic impairment would 
persist during subchronic exposure and if these effects were reversible following a recovery 
period. Ozone exposure at 1 wk-D1 induced fasting hyperglycemia and glucose intolerance 
at the 1.00 ppm dose (Fig. 2A). Ozone-induced hyperglycemia and severity of glucose 
intolerance appeared to be reduced at 1 wk-D3 compared to 1 wk-D1 (Fig. 2B). Ozone 
exposure led to marked increases in fasting glucose and glucose intolerance at 1.00 ppm at 
12 wk-D1 as observed by higher glucose levels at all times after glucose injection and 
significantly increased area under the curve value (Fig. 2C), which appeared to be more 
pronounced relative to the 1 wk-D1 time point. A 1 wk recovery resulted in complete 
reversal of ozone-induced fasting hyperglycemia and glucose intolerance (Fig. 2D).
ITT was conducted to determine if subchronic ozone-induced glucose intolerance was 
accompanied with peripheral insulin resistance. Neither the 1 wk-D2 (Fig. 2E) nor 12 wk-
D1 (Fig. 2F) assessment indicated impairment in peripheral insulin-mediated glucose 
clearance. Ozone-induced hyperglycemia was reversed after insulin injection, suggesting 
effective insulin-mediated glucose uptake.
3.2. Acute ozone increases hepatic gluconeogenesis
To determine if ozone-induced hyperglycemia resulted from liver gluconeogenesis, PTT was 
conducted in animals at 1 wk-D1 and 13 wk-D1. During 1 wk-D1, 1.00 ppm ozone-exposed 
animals were already hyperglycemic and showed a significant increase in blood glucose 
following pyruvate injection when compared to air or 0.25 ppm groups (Fig. 3A). The AUC 
further confirmed the stimulation of gluconeogenesis at this time point. In contrast, after a 
13wk subchronic ozone exposure no significant increase in gluconeogenesis was observed 
(Fig. 3B & C).
3.3. Acute and subchronic episodic ozone exposure attenuates glucose-stimulated 
pancreatic β-cell insulin secretion
Impairment of pancreatic β-cell insulin secretion is another potential mechanism by which 
ozone could cause hyperglycemia and glucose intolerance. We evaluated the effect of acute 
and subchronic ozone exposure on β-cell function in rats by determining baseline and 
glucose-stimulated insulin release into the circulation. No differences were observed in 
serum insulin levels between air and 1.00 ppm ozone at baseline prior to I.P. glucose 
injection at 1 wk-D1 (Fig. 4A). However 30 min after glucose injection, insulin levels were 
significantly increased in air-exposed animals, whereas ozone-exposed rats showed no 
insulin increase in response to glucose (Fig. 4A). Neither baseline nor glucose-stimulated 
insulin release in the 0.25 ppm ozone-exposed rats were determined at this time point. 
Subchronic ozone exposure showed similar insulin responses compared to acute exposure. 
At 12 wk-D1, baseline serum insulin levels was trending to decrease with 1.00 ppm ozone 
exposure relative to the air group (p = 0.1018; Fig. 4B). Bolus glucose injection led to 
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marked increases in serum insulin in air and 0.25 ppm ozone-exposed rats, suggesting a 
robust response of pancreatic β-cells to release insulin when circulating glucose levels were 
increased. This glucose-induced increase in insulin levels was completely abolished in rats 
exposed to 1.00 ppm ozone (Fig. 4B). Glucose-stimulated insulin secretion was not 
determined in rats after the 1 wk recovery period following 13 wks of ozone exposure. 
Although the insulin levels in 1.00 ppm exposed rats were markedly lower relative to air or 
0.25 ppm groups at 13 wk, this difference did not reach statistical significance using a 2-way 
ANOVA method due to large intragroup variability and small group size (n = 3–5; Fig. 4C). 
However, when insulin mean values for the air and 1.00 ppm ozone were compared directly 
with an unpaired t-test, there was a significant (p < 0.05) decrease. This ozone-induced 
decrease was less pronounced after a 1wk recovery period (Fig. 4C).
3.4. Subchronic episodic ozone exposure does not produce liver or muscle insulin 
resistance
To measure tissue-specific insulin resistance, we measured pAKT (and total), which 
mediates insulin-induced cellular glucose uptake, at 13 wk and after a 13 wk + 1 wk 
recovery in the liver and muscle from air and 1.00 ppm ozone-exposed rats. Half the rats (n 
= 4–5) for each, 0.00 and 1.00 ppm exposure groups, were injected with insulin 10–15 min 
prior to necropsy to increase the sensitivity of detecting levels of pAKT in response to high 
insulin. The validity of the pAKT measurements was confirmed by significant increases in 
the levels of pAKT in rats injected with insulin prior to necropsy (Fig. 5). No changes were 
noted in the pAKT levels in the liver (Fig. 5A) or muscle (Fig. 5B) following ozone 
exposure in rats with or without insulin injection, suggesting that insulin-mediated glucose 
uptake was not altered by ozone exposure in these tissues.
3.5. Subchronic episodic ozone exposure alters circulating stress hormone levels
To determine if these stress hormones are still elevated following a subchronic episodic 
exposure, adrenaline, noradrenaline, and corticosterone plasma levels were measured in rats 
exposed to air or ozone for 13 wk and after a 1 wk recovery period. Serum adrenaline levels 
were significantly increased at 13 wk following 1.00 ppm ozone; however, no ozone effects 
were noted following a 1 wk recovery period (Fig. 6A). Noradrenaline (Fig. 6B) and 
corticosterone (Fig. 6C) changes were statistically insignificant between exposure groups.
3.6. The effect of subchronic ozone exposure on circulating proinflammatory cytokines 
and metabolic biomarkers
To determine if proinflammatory cytokines might be increased after subchronic exposure in 
WKY rats, we examined serum levels of cytokines at 13 wk. No significant increases were 
observed in IL-6, TNF-α or IL-1β; however, small increases were observed in serum IFN-γ, 
IL-4, and IL-10 after subchronic ozone exposure (Table 1).
We have previously shown that acute ozone exposure elevated circulating total cholesterol, 
NEFAs and BCAA in rats. To determine if these changes would persist during a subchronic 
exposure, we evaluated the serum levels of these metabolic biomarkers. At 13 wk, 1.00 ppm 
ozone significantly increased total cholesterol (Fig. 7A). However, after a 1 wk recovery, 
serum cholesterol levels were decreased in both ozone-exposed groups when compared to 
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air control (Fig. 7A). LDL was not significantly changed at the 13wk time point after ozone 
exposure, however, these levels were significantly decreased in ozone-exposed rats after the 
recovery period (Fig. 7B). HDL was significantly elevated in the 1.00 ppm ozone-exposed 
rats at 13 wk (Fig. 7C). In the recovery group, HDL serum levels were significantly lower in 
the ozone-exposed rats compared to the air (Fig. 7C). Triglycerides were not significantly 
affected by ozone at 13 wk but were found to be decreased in the 1.00 ppm ozone group 
after recovery (Fig. 7D). Neither the levels of NEFAs (Fig. 7E) nor BCAA (Fig. 7F) were 
significantly changed by ozone at any time point. There were no significant increases in 
leptin at 13 wk, with levels decreased after recovery in rats exposed to 1.00 ppm ozone (Fig. 
7G).
3.7. Subchronic episodic ozone exposure induces lung injury and inflammation
To determine if subchronic episodic exposure would cause persistent lung changes, BALF 
was evaluated for injury and inflammation biomarkers. Both total protein and albumin, 
markers of lung permeability, were significantly elevated at 1.00 ppm ozone when compared 
to air at 13wk but this effect was largely reversed following recovery (Fig. 8A & B). Rats 
exposed to 1.00 ppm ozone showed significant increases in BALF GGT activity at 13wk, 
which persisted when the animals were allowed a 1 wk recovery period (Fig. 8C). NAG 
activity was also increased in rats exposed to 1.00 ppm ozone at the 13 wk, however, this 
effect was attenuated after recovery (Fig. 8D).
Lung neutrophilic inflammation was increased after 13 wk of ozone exposure compared to 
air and 0.25 ppm groups. This ozone effect on neutrophils was not observed in the recovery 
group (Fig. 9A). The number of BALF alveolar macrophages were also increased in rats 
exposed to 1.00 ppm ozone relative to 0.25 ppm at 13 wk with levels returning to baseline 
following 1 wk recovery (Fig. 9B). Interestingly, circulating white blood cells were not 
significantly decreased by the subchronic ozone exposure (Fig. 9C). 1.00 ppm ozone 
exposure for 13 wk increased circulating platelets, but this effect was reversed following the 
recovery (Fig. 9D).
4. Discussion
We have previously shown that acute ozone exposure induces sympathetic and HPA-
mediated systemic stress response characterized by hyperglycemia, glucose intolerance, 
lipidemia, and elevations in BCAA, FFA, and circulating stress hormones (Miller et al., 
2015, 2016b). Humans are exposed episodically to ozone throughout their lifetime which 
may cause a chronic stress response activation. Chronic elevations of stress hormones have 
been implicated in metabolic dysfunction and are postulated to lead to insulin resistance 
(Kelly and Ismail, 2015). However, the persistence of chronic stress and metabolic 
derangement, and their contribution to insulin resistance have not been examined after 
subchronic ozone exposure. The main objectives of this study were to determine: (1) if 
ozone-induced acute metabolic and stress effects would persist after subchronic episodic 
exposure, and (2) if subchronic ozone exposure will lead to liver and muscle insulin 
resistance.
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Our data show that, as observed after an acute exposure, 3 days/wk of subchronic episodic 
ozone exposure for 13 wk induced fasting hyperglycemia, glucose intolerance, and increased 
circulating cholesterols and adrenaline levels, but these effects were reversible upon a 1 wk 
recovery period. No ozone-induced changes were observed in serum FFA and BCAA, 
suggesting the likelihood of tolerance development to repeated weekly exposures. We show 
that no insulin resistance occurred in the liver or muscle tissues after a 13 wk ozone 
exposure. However, basal circulating insulin levels were decreased and glucose-stimulated 
pancreatic insulin release was abolished after subchronic ozone exposure, suggesting insulin 
insufficiency in ozone-exposed rats. Increases in lung injury and inflammation were still 
present at 13 wk but these effects were reversible after a 1 wk recovery period. Overall, our 
data demonstrate that ozone-induced pulmonary, metabolic and stress effects persist through 
13wk episodic ozone exposure, however, these effects are reversible upon a short recovery of 
1wk. Further, subchronic ozone exposure diminishes glucose-stimulated insulin release 
while decreasing the baseline levels over time without the impairment of peripheral insulin 
resistance.
Three potential mechanisms may explain hyperglycemia and glucose intolerance after acute 
and subchronic episodic ozone exposure: 1) increased glucose release from the liver through 
gluconeogenesis, 2) decreased glucose uptake by peripheral tissues, and 3) decreased release 
of insulin from pancreatic β-cells. We observed that acute ozone exposure increased hepatic 
gluconeogenesis but did not impair insulin-mediated glucose clearance from the circulation, 
indicating no peripheral insulin resistance. In contrast, hepatic gluconeogenesis was not 
altered during subchronic exposure while insulin effectively cleared circulating glucose. 
More importantly, both acute and subchronic ozone exposures abolished glucose-mediated 
β-cell insulin secretion, likely contributing to glucose intolerance.
Hepatic gluconeogenesis is activated by different physiological conditions, such as fasting or 
exercise, and is tightly regulated by the availability of gluconeogenic precursors and 
phosphorylation/expression of gluconeogenic enzymes. Moreover, gluconeogenesis is 
further regulated by the availability of insulin (Girard, 2006) and stress hormones (Altuna et 
al., 2006). It is postulated that insulin can directly or indirectly inhibit gluconeogenesis by 
specifically targeting hepatic glucose production or suppressing the release of glucagon from 
pancreatic α-cells, the main stimulator of gluconeogenesis. Insulin can also suppress the 
formation of gluconeogenic precursors through the inhibition of adipose lipolysis and 
skeletal muscle proteolysis (Girard, 2006). Adrenaline, through β2-adrenergic receptors, can 
enhance hepatic glucose output by increasing endogenous cyclic AMP (cAMP), which 
subsequently activates protein kinase A that stimulates fructose bisphosphatase 2 and cAMP 
response element binding dependent activation of phosphoenolpyruvate carboxykinase and 
inhibits phosphofructokinase 2 (Valera et al., 1994; Burgess et al., 2004). The ozone-induced 
increases in gluconeogenesis thus, could be explained by the increased levels of adrenaline 
together with decreased insulin levels and glucose-mediated insulin release.
Pancreatic β-cell insulin secretion is regulated at many levels (central and local) by factors 
including endocannabinoids (Jourdan et al., 2016), glucocorticoids (Kuo et al., 2015), 
circulating glucose and fatty acids (Oh, 2015), micro RNAs (Esguerra et al., 2014), 
adrenaline (Iwanir and Reuveny, 2008; Gibson et al., 2006), and many more. We observed 
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that acute and subchronic ozone exposure diminished glucose-mediated pancreatic β-cell 
insulin secretion even though circulating glucose levels remained elevated in rats. Since this 
effect is associated with increased circulating adrenaline during acute (Miller et al., 2015) 
and chronic exposure to ozone as seen in this study, it is conceivable that diminished insulin 
secretion in the present study could be due to the effect of adrenaline on pancreatic β-cells. 
Catecholamines have been proposed to act through different members of the α-adrenergic 
family of receptors and impair insulin secretion through changes in cAMP and/or Ca2+ 
levels, hyperpolarization of the pancreatic β-cells or glucagon release from pancreatic α-
cells (Peterhoff et al., 2003). It has been shown that glucose-induced ERK1/2 activation and 
subsequent insulin secretion are inhibited by adrenaline through the α2-adrenergic receptors 
(Gibson et al., 2006). However, it cannot be ascertained from our study if other factors 
played a role in inhibiting insulin secretion during ozone exposure. Since basal levels of 
insulin were not affected after acute exposure, but were decreased after subchronic ozone 
exposure, it is likely that the diminished insulin release could contribute to the observed 
persistent hyperglycemia and glucose intolerance following the 13 wk subchronic exposure.
Our previous study showed that subchronic ozone exposure is associated with increased 
levels of insulin in 24 month but not 4 month old Brown Norway rats (Gordon et al., 2013). 
As observed before, in this study too, acute or subchronic ozone exposure did not elevate 
insulin levels in young WKY rats. On the contrary, serum insulin levels decreased in ozone-
exposed rats relative to air group (Fig. 4), suggesting that there might be a tendency to 
develop insulin deficiency if the length of exposures increases with age in rats. More 
importantly, our data show no peripheral insulin resistance in the muscle or liver after ozone 
exposure. Incidentally, exposure to ozone has been associated with TID in pregnancy and in 
children (Hathout et al., 2002, 2006; Beyerlein et al., 2015; Malmqvist et al., 2015). Our 
data show that insulin resistance is not the cause of ozone-induced hyperglycemia, glucose 
intolerance, or the activation of gluconeogenesis observed in our study. These findings 
contradict the Vella et al. (2015) study involving a 16 h ozone inhalation, which showed 
insulin resistance in the muscle as determined by activation of the c-Jun. N-terminal kinase 
pathway. This discrepancy could be due to the very long single exposure in the Vella paper 
as opposed to the episodic subchronic exposure in our study. The possibility that ozone may 
contribute to the susceptibility of TID by producing β-cell dysfunction requires further 
investigation.
Since long-term particulate matter exposures have been shown to induce systemic 
inflammation and peripheral insulin resistance (Rajagopalan and Brook, 2012), we 
examined a number of circulating cytokines after subchronic ozone exposure in this study. 
No increases were observed in IL-6, TNF-α or IL-1β. Small increases were observed in 
serum IFN-γ, IL-4, and IL-10 after subchronic ozone exposure in our study (Table 1). Our 
previous studies involving long-term ozone exposure have also failed to demonstrate 
increases in circulating proinflammatory cytokines such as IL-6 and TNF-α (Gordon et al., 
2013; Bass et al., 2013). Since ozone-exposure was not associated with insulin resistance, 
the contribution of systemic inflammation in insulin resistance, which is observed after 
particulate matter exposure, could not be addressed in this study involving ozone.
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Although we have shown that acute ozone exposure increases circulating FFA and BCAA 
(Miller et al., 2015), elevations in these circulating metabolites were not noted after 
subchronic ozone exposure. This could be due to attenuation of response upon episodic 
ozone exposure. Total cholesterol and HDL, however, were higher in rats after subchronic 
ozone exposure. As in the case with acute exposure, increased adrenaline could alter 
cholesterol metabolism (Kunihara and Oshima, 1983) leading to cholesterol increases in the 
circulation. The increases in cholesterols and triglycerides noted after the 13 wk ozone 
exposure and subsequent decreases following recovery may indicate lipid redistribution in 
peripheral tissues, which will be important to examine in future studies.
Our exposure protocol differed somewhat from previous subchronic studies we have done 
using ozone (Kodavanti et al., 2011; Gordon et al., 2013, 2014; Bass et al., 2013) in that this 
study involved 3 days/wk exposure as opposed to 1 or 2 days/wk exposure. This was done 
with the understanding that while the first two days of weekly ozone could produce 
pronounced pulmonary injury and systemic response (Miller et al., 2015), 3 consecutive 
days of exposure was expected to attenuate these ozone-induced effects. Attenuation, often 
referred to as adaptation or tolerance, of ozone-induced pulmonary injury, inflammation, and 
function after daily repeated exposure is fairly well demonstrated in humans (Jörres et al., 
2000; Schelegle et al., 2003) and in animals (Kirschvink et al., 2002; van Bree et al., 2002). 
The degree of attenuation depends on the ozone concentration and the temporality of 
exposure and it has been shown that the adaptation to weekly 2–3 day ozone exposure is lost 
within 1wk upon re-exposure (Gordon et al., 2013, 2014). Rats exposed to ozone for 6 h/day, 
2 days/wk led to partial attenuation relative to acute exposure in pulmonary and systemic 
metabolic effects when determined after 13 wk exposures (Snow et al., 2016; Bass et al., 
2013), suggesting that weekly exposure for several wks will also dampen the degree of 
pulmonary and systemic effects observed after the first wk. In this study we wanted to 
determine if during weekly exposure, the effects observed on the first day would be 
attenuated on the third day. Further, to determine whether repeated induction of tolerance 
over 13 wk would lead to failure in this response. We noted that GTT and PTT when 
performed on the third day in a given week showed marked reduction in ozone-induced 
hyperglycemia, glucose intolerance as well as gluconeogenesis. The pulmonary injury and 
inflammation found after day 3 post 13 wks exposure was dampened relative to the effects 
after an acute exposure (Miller et al., 2015). This suggests that upon repeated weekly 
exposure some systemic and pulmonary responses are partially attenuated. The phenomenon 
of adaptation or tolerance might involve many factors including the type of response being 
examined, the degree of injury/inflammation at a given concentration, and the exposure 
protocol. Thus, the interpretation of any findings becomes highly complex. Nevertheless, 
one could speculate that central mechanisms might be playing an important role in the ozone 
adaptation phenomenon. Since we have shown that catecholamines and glucocorticoids are 
potentially involved in these ozone-induced pulmonary and metabolic effects (Miller et al., 
2016b), it is likely that adaptive mechanisms may involve altered stress response signaling 
during subchronic exposure. Chronic stress activation can lead to the adaptive response 
“habituation”, involving neural plasticity and downregulation of glucocorticoid and β-
adrenergic receptors in the central nervous system and in the periphery leading to reduced 
stress-mediated responses (Herman, 2013).
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One of the critical questions we wanted to address is the reversibility of effects upon 
discontinuation of ozone exposure. The persistence of the effects, including insulin 
insufficiency, can have implications in chronic disease outcomes. As noted, pulmonary and 
systemic effects observed immediately following the 13 wk exposure were largely reversed, 
although circulating insulin tended to remain low in ozone exposed rats relative to air 
exposed rats following the 1 wk recovery. Interestingly, the circulating lipids showed a 
reversed pattern of change, suggesting that while most effects are not persistent upon 
discontinuation of exposure, lipid redistribution might remain an important outcome of 
chronic episodic exposure and needs to be further examined in light of liver and muscle 
diseases and their link to pulmonary complications.
In conclusion, we demonstrate that subchronic weekly episodic ozone exposure induces 
persistent pulmonary injury/inflammation, hyperglycemia, glucose intolerance, and 
increases in cholesterols. We further show that while peripheral insulin resistance did not 
occur by subchronic episodic ozone exposure, it had a major impact on β-cell insulin 
secretion in response to circulating glucose, likely mediated by increased circulating 
adrenaline levels. This, together with reduced circulating insulin levels after subchronic 
ozone exposure, supports a link between chronic ozone and TID. Despite the fact that most 
subchronic ozone-induced changes are reversible upon termination exposure, the question 
remains about lipid redistribution in peripheral tissues and chronic episodic pollution effects. 
Overall, these data provide further insight into the mechanism(s) of how subchronic ozone 
exposure may contribute to insulin insufficiency and produce other systemic impairments.
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Fig. 1. 
Experimental design. Two cohorts of animals were exposed to: 1) filtered air, 2) 0.25 ppm or 
3) 1.00 ppm ozone for 5 h/day for 3 consecutive days/wk. for 13 wks (n = 8–10 rats/group). 
Cohort 1 rats were necropsied immediately after the final exposure. Cohort 2 animals were 
necropsied after a 1wk recovery period following 13 wks of episodic exposure (13 wk + 1wk 
recovery). Metabolic testing time points are indicated by arrows for each test: glucose 
tolerance test (GTT: 1 wk-D1; 1 wk-D3; 12 wk-D1; 13 wk + 1wk recovery; the final GTT 
conducted six days following last exposure), insulin tolerance test (ITT: 1 wk-D2; 12 wk-
D1), pyruvate tolerance test (PTT: 1 wk-D1; 13 wk-D1; 13 wk-D3) and β-cell insulin 
secretion test (1 wk-D1; 12 wk-D1). All tests were conducted immediately following 
exposure.
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Fig. 2. 
Acute and subchronic ozone exposures induce hyperglycemia and glucose intolerance 
without impairing insulin tolerance. GTT was conducted in animals at (A) week 1, day 1 (1 
wk-D1), (B) week 1, day 3 (1 wk-D3), (C) week 12, day 1 (12 wk-D1), and (D) six days 
after the 13 wk final exposure (13 wk + 1 wk recovery). ITT was conducted at (E) week 1, 
day 2 (1 wk-D2) and (F) week 12, day 1 (12 wk-D1). Bar graphs show respective area under 
the curve (AUC) values for each test. Values indicate mean ± SEM (n = 8–10). *Indicates 
ozone effect when compared to matching air group (*p < 0.05, *p < 0.01, ***p < 0.001).
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Fig. 3. 
Acute and subchronic ozone exposures induce hepatic gluconeogenesis. PTT was conducted 
in animals at (A) week 1, day 1 (1 wk-D1), (B) week 13, day 1 (13 wk-D1) and (C) week 
13, day 3 (13 wk-D3). Bar graphs show respective area under the curve (AUC) values for 
each test. Values indicate mean ± SEM (n = 8–10). *Indicates significant ozone effect when 
compared to matching air group (*p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 4. 
Acute and subchronic ozone exposure inhibits glucose-stimulated β-cell insulin secretion. 
Serum insulin levels were measured immediately following 1 day air or 1.00 ppm ozone 
exposure (A; 1 wk-D1, a separate cohort (cohort 3) of rats was used for this testing and 
exposures were performed for only 4 h) and at 12 wk-D1 (B). Insulin levels were measured 
at baseline (0 min) and 30 min after I.P. injection of glucose (20% D-glucose; 2 g/kg). 
Insulin levels were not determined (N.D.) in 0.25 ppm ozone group during acute exposure. 
(C) Insulin levels were also determined immediately after necropsy at 13wk and 13wk 
+ 1wk recovery. Values for A and B indicate mean ± SEM (n = 6–10) while values for C 
indicate mean ± SEM (n = 3–5). *Indicates significant ozone effect when compared to 
matching air group (*p < 0.05). † Indicates significant effect of glucose injection compared 
to baseline levels.
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Fig. 5. 
The effect of subchronic ozone exposure and 1wk recovery on insulin signaling in liver and 
muscle tissue. Half of the rats from each group were I.P. injected with 1.0 IU insulin/kg 
body weight 10–15 min prior to blood collection (necropsy) to enhance phosphorylation of 
AKT (pAKT), which mediates glucose uptake through insulin receptors. The levels of total 
AKT and pAKT were measured in the (A) liver and (B) muscle extracts, and the relative 
pAKT levels were normalized to non-insulin injected air control group at each respective 
time point. Values indicate mean ± SEM (n = 4–5). †Indicates significance between insulin 
injected and non-insulin injected rats (p < 0.05).
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Fig. 6. 
Subchronic ozone exposure changes circulating stress hormones. Stress hormones were 
measured in plasma samples collected using EDTA as an anticoagulant in rats exposed to air 
or ozone (0.25 and 1.00 ppm) immediately after final exposure (13wk) and following a 1wk 
recovery. Stress hormones included (A) adrenaline, (B) noradrenaline and (C) 
corticosterone. Values indicate mean ± SEM (n = 8–10). *Indicates significant ozone effect 
when compared to matching air group (*p < 0.05).
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Fig. 7. 
Subchronic ozone-induced changes in serum metabolic markers. Changes in circulating 
metabolites and leptin were measured in rats exposed to air, 0.25 ppm, or 1.00 pm ozone at 
13 wk and after 1wk recovery. The biomarkers included (A) total cholesterol, (B) low 
density lipoprotein (LDL), (C) high density lipoprotein (HDL), (D) triglycerides, (E) non-
esterified fatty acids (NEFAs), (F) branched chain amino acids (BCAA) and (G) leptin. 
Values indicate mean ± SEM (n = 8–10). *Indicates differences between groups (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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Fig. 8. 
Subchronic ozone induced lung injury as determined by the assessment of bronchoalveolar 
lavage fluid (BALF). Lung injury markers were determined immediately after air, 0.25 ppm 
or 1.00 ppm ozone exposure at 13 wk and following a 1 wk recovery. BALF was analyzed 
for lung injury markers: (A) total protein, (B) albumin, (C) γ-glutamyl transferase (GGT) 
activity and (D) N-acetyl glucosaminidase (NAG) activity. Values indicate mean ± SEM (n = 
8–10). *Indicates differences between groups (*p ≤ 0.05, ***p ≤ 0.001).
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Fig. 9. 
Subchronic ozone induced lung inflammation as determined by the assessment of cells in 
bronchoalveolar lavage fluid (BALF). Lung inflammation was determined by analysis of 
cells in bronchoalveolar lavage fluid (BALF) immediately after air, 0.25 ppm or 1.00 ppm 
ozone exposure at 13 wk and following a 1 wk recovery. BALF total cell count and cell 
differentials were performed to quantify (A) neutrophils and (B) alveolar macrophages 
(AM). Circulating (C) white blood cells (WBC) and (D) platelets were quantified using a 
Beckman-Coulter AcT blood analyzer. Values indicate mean ± SEM (n = 8–10). *Indicates 
differences between groups (*p ≤ 0.05, ***p ≤ 0.001).
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Table 1
Serum levels of proinflammatory cytokine biomarkers in WKY rats after subchronic exposure to air or 1.00 
ppm ozone.
Exposure
Biomarker Air Ozone
IL-1β (pg/ml) 63.37 ± 4.58 70.19 ± 7.74
IL-4 (pg/ml) 6.85 ± 0.15 7.32 ± 0.12**
IL-5 (pg/ml) 23.96 ± 5.65 16.25 ± 2.28
IL-6 (pg/ml) 210.52 ± 9.01 229.62 ± 4.68
IL-10 (pg/ml) 81.00 ± 2.45 88.91 ± 1.38**
IFN-γ (pg/ml) 26.99 ± 0.92 29.48 ± 0.49*
KC-GRO (pg/ml) 191.21 ± 23.36 195.66 ± 34.85
TNF-α (pg/ml) 3.88 ± 0.35 4.57 ± 0.45
Serum samples obtained after 13 wk (cohort 1) air and 1.00 ppm ozone (mean ± SEM; n = 8) were analyzed using a Mesoscale Discovery Inc. 
cytokine multiplex panel kit.
*
Indicates significant ozone effect when compared to matching air group (*p ≤ 0.05, **p ≤ 0.01). Note that half of rats per group were injected 
with 1 U/kg insulin, 10–15 min prior to necropsy.
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